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METASTABLE ALLOY PHASES PREPARED BY SOLID STATE REACTIONS
AND BALL MILLING

R. B. Schwarz

Center for Materials Science
Los Alamos National Laboratory

Los Alamos, NM 87545, USA.

ABSTRACT

‘l’hemain methods of synthesis of amorphous metallic alloys are based on (a)
the rapid solidification of alloys from the liquid or vapor phase, (b) solid
state Interdiffusion reactions between pure ❑etals having negative heats of
mixing, and (c) mechanical attrition of a crystalline Intermetallics. The
first method received a major impetus in 1960 with the experiments of Pol
Duwez and co-workers. We describe methods (b) and (c), developed around
1983, and we discuss recent advances in the understanding of the glass
forming rariges for the three methods of synthesis.
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INTRODUCTION

Mctastable non-crystalline salid phases can be produced by a variety of
techniques, including (~) solidification from the liquid or vapor phnsns,
(h) FIollc!state reactj.ons between pure elements, (c!)mechanical cieformittlon
Pf crystnll.ne lnttices, (d) dcpogit.ion from n chemff!ti!Moll.ition, nnd (e)
hjgh.,energy Ion-, elect.ron-, or neutron homhnrdmcnt of cryqtnllfno
mnterjnls,



a process that gives an equivalent cooling rate of the order of 1012 K S-l .
In these films the amorphous phase was most likely stabilized by impurities.
The removal of the impurities lowers the crystallization temperature, Tx,
and in some cases prevents the formation of amorphous films of pure metals
even for substrates kept at 4 ‘K. The field of amorphous allo:fs grew at a
fast rate following the experiments of Pol Duwez and co-worker:; (1960) who
developed a variety of t chniques to rapidly solidify alloy me:.ts at cooling

-frates of 106 to 108 K s . It soon became apparent that the glass forming
range (GFR) of metallic alloys is strongly composition dependent, being
easier to form metallic glasses near the compositions of deep eutectics in
the phase diagram. At these compositions the temperature interval between
the liquidus, Tl, and the glass transition temperature, T , is reduced so
that the probability of being able to cool tbe melt throuh the interval
without inducing crystallization is enhanced. Thus , there is a tendency for
the GFR to vary irn’ersely with the reduced glass transition temperature,
T -T/Tp,

f
For alloys with low T

‘R’
the required cooling rates to avoid

c;~stal ization are large and thus o e dimension of the amorphous produ t
-fmust be small (50 pm or less for cooling rates of the order of 106 K s ),

For alloys with large T
‘B’

such as Pd40Ni40P20 (Tr “’0.67), the cooling

%rate requirement is rela ed allowing the ~reparati n of cm-size amorphous
‘1 (Drehman, Greer,samples at cooling rates of few K s and Turnbull, 1?82),

New methods of synthesis of amorphous metallic alloys have been developed
over the iASt 10 years that are based on solid state reactions and on
mechafiical deformation. Contrary to the rapid solidification technique, the
newer methods are performed at a constant temperature that is lower than the
crystallization temperature of the amorphous alloy to be formed. Malik and
Wallace (1977) and Yeh, Samwer and Johnson (1983) showed that the reaction
of certain crystalline intermetallics with hydrogen leads to the formation
on an amorphous hydride. In 1983, Schwarz and Johnson demonstrated that
amorphous La-Au alloy films can be formed by a low thermal anneal of
crystalline thin films of pure lanthanum and gold. White (1979) and Koch
and co-workers (1983) demonstrated that amorphous alloy powders can be
prepared by ,nechanfcally alloying a mixture of powders of two pure metals.
In the following sections we describe the synthesis of amor~hous thin films
by inte Jiffuslon reactions and the synthesis of amorphous metallic powders
by mechanical alloying. Various other aspects of the crystal to glass
trilnsforrnationsin metallic materials have been reviewed by .Johnson (1.986),

AMORPHOUS THIN F?IMS PRJ3PARFK~BY SO1,ID-STATEREACTIONS

The solid state nmorphizing reaction (SSAR) method requires clean (ox\dcI
free) interfaces between two reacting metals. Such interfaces cnn ht.
obti-iinedby clepositin~,crystalline thin films of metais A and R in n hiy,l~
vnctlum, Typically, f!lms of a few tenths of a nm in thickness cnn be fully
rea~.tcd within n few hours, Stocks of ~~lternating thin films, as show!l 111
Flf?,,1, nllow for tha synthesfs of thick amorphous lnyers, ‘rhechoson
rci~rtiotl tempornture, Tr, 1s a fcw tens t-on fcw hundred Kelvin Iowcr thnn
Tx , Three require’nents hnve been proposod for the SSAR (Schwnrz Rid
.lohnson, 19fi’l;Schwfrr-z,1986): (1) met~~ls A and B must havrI n lnrp,enrp,ntlvtI
he;it of m!xlnp, in tt)e~lmorpllollsph{lse, (2) motnls A nnd R mtlst hnv(* vn~tly
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kinetics by increasing the chemical diffusivities (Darken, 1948). The
second condition ensures that the SSAR will be kinetically favored over the
formation of crystalline intermetallic compounds. This favoring occurs
because one species diffusing in the other and in the amorphous alloy is
sufficient for the SSAR; generally, the formation of intermetallics, which
have crystalline structures quli-e different from those of the two starting
metals , requires the atomic motion of both species. Thus , a temperature
window opens for the SSAR by choosing a pair of elements with vastly
different diffusivities from each other while in the amorphous phase. The

third condition ensures that the binary system does not have a crystalline
intermetallic that can be formed when the smaller atom diffuses through the
crystalline lattice of the larger one, i.e. , by the same mechanism
responsible for the SSAR. If this mechanism was possible, the
interdiffusion reaction could lead to forming stable crystalline
~.ntermetallics that have a free energy lower than that of the metastable
amorphous alloy.

Figure 2 illustrates the temperature window for the SSAF., showing the

electrical resistant,?, R, of a stack of alternating thin films of Ni and Zr
d[’ring the continuous heating from 300 to 1000 K, followed by a cooling to
300 K (Rubin and Schwarz, 1988). The labels (a), (b) and (c) in this figure
correspond to those in Fig. 1. From (a) to (b), the films do not
interdiffuse and R increases linearly with increasing temperature, which is
expected for pure crystalline metals, At the ternperatu?-eof (b), an
amorphous alloy begins to form at the Ni/Zr interfacm (see also Fig, 1).
Btcause the resistivity of the amorphous alloy is larger than that of the
pure Ni and Zr used to form the alloy, the resistance of the multilayer film
ihcreases. The SSAR ends at (c), when all the Ni and Zr have been consumed
(see Fig. 1), From (c) to (d) the resistance is temperature independent and
a~rees with &he usual observation that the resistivity of amorphous alloys
is largely temperature independent, At (d) the amorphous alloy formed by
SSAR begins to crystallize and the resistance decreases because the
crystalline order introduced in the alloy allows for an easier electronic
conduction. At point (e) the alloy has reached a thermodynamically stable
state that is impervious to further temperature var+at[ons. The resistance
of the crystalline alloy hag a positive linear temptir~~!uredependence, ns
expected. The temperature window for the SSAR is c’,,~~$,rlythat between
points (b) and (d). In the present understanding of” the SSAR, point (b)
denotes the onset of Ni diffusion (the smaller atom) in the amorphous alloy,
w!lile pclint (d) denotes the onset of Zr diffllslon (the larger atom) in the
amorphous allo},



of scattering angle are for an unreacted (as deposited) sample (curve d) and
for three samples with different average composition that were annealed in
situ at 70 ‘C for the times shown in Fig. 3. Curve (a) is for a multilayer
sample whose overall composition was La-rich; (b) is for a sample of near
equi-atomic composition; and sample (c) is for a Au-rich sample (= 80 at. %
Au) . Pattern (d) shows the characteristic diffraction peaks of La and Au.
The thermally reacted sample (b) has undergone a nearly complete
transformation to an amorphous alloy. The La-rich and Au-rich samples, (a)
and (c), have formed amorphous alloy coexisting with residual La and Au.

THERMODYNAMIC ASPECTS OF THE SOLID-STATE AMORPHIZING REACTION

Schwarz and Johnson (1983) showed that the products of SSARS and their
homogeneity ranges “re close to those predicted by a free-energy diagrams
evaluated at the reaction temperature. In these diagrams the amorphous
phase is treated as an undercooked liquid. Experience has shorn that free-
encrgy diagrams that predict the SSAL products quantitatively are difficult
to construct. The difficulty arises in estimating the difference between
the specific heats of the amorphous and crystalline alloy phases in the
temperature regime between T and the melting temperature, T . Because this
difference is not known, Tit fs difficult to calculate the di ference between
the free energies of the amorphous and crystalline terminal solid solution
phases at the reaction temperature Tr. The construction of free energy
diagrams for specific binary systems are discussed by Schwarz and Johnson
(1983), Schwarz, Petrich, and SaW (1985), Saunders and Miodownik (1986),
Zbltzer and Bormann (1987), and Tiainen and Schwarz (1987). In the present
discussion we will USIS& simplified free energy diagram,

Figure 4a is a schematic phase diagram for a bir,ary system, A-B, that has a
negative heat of mixing in the.liquid phase. Phases a and ~ are crystalline
primary solid solutio~ls and phase Y is a crystalline intermetallic, Figure
4b shows the free ener~ies of phases a, ~, and Y ar,dof the amorphous phase,
.i,eval~ated at Tr. Phaae .Xis treated as an undercooked liquid. If the
interdiffusion reaction at ~he A/B interfaces in Fig, 1 reached a state of
thermodynamic equilibrium, the reaction products would be determined by the
common tangenta between a, ~, and Y in Fig, 4b (these tangents are not.
shown) , However, if the reaction temperature is within the temperatti~e
“window, insufficient thermal activation exists to promote the nucleation and
growth of the crystallirie phase V, In the absence of phase 7, the SSAR
products are determined by the common tangents between phases a, p, and A
(shown in Fig, 4b), Thene tangents predict five reaction products: a
crystalline solid solution, a, for O<xcxl; a two-phase product of a(xl)
and A(x2); a single-phase amorphous alloy, A, for x

f
< x < X3; a two-phtise

prod(’ct.of A(x3) and B(xL,,); al~dthe crystalline soi d solution, @, for
x4 <x<l. We note Chat the GFR for alloys prepared by SSARS 1s wide nl)d
continuous ancf is local~d near the center of the composition range. For the
La-AJ system and Tr - 400 K, X2 = 0.2 and X3 = 0,65 (Schwarz and Johnson,

198:),



negative heats of mixing is usually low (deep eutectics) at compositions
between those of congruent-melting intermetallics. Because Tx depends
weakly on alloy composition, T

‘E
is largest near the eutectic compositions

and the avoidance of crystallize tion during the cooling of the liquid is
then easier to achieve. The bands at the bottom of Fig. 4b predict the GFRs
for the SSAR and the RS methods applied to our hypothetical binary system.
For the SSAR method the GFR equals the regime (X2, x ) predicted by the

zcommon tangents in the free energy diagram in Fig. 4 . For the RS ❑ethod
the GFR consists of two regimes, (X2’,XC’) and (XC”,X3’). We have estimated
these regimes qualitatively based on Figs. 4a and 4b and on the notion that
the formation of metallic glass during the continuous cooling of the melt
requires avoiding partitionless crystallization. Previous calculations
(Nash and Schwarz, 1988) predict that the values of x ‘, x ‘, x “,
are determined by the inter~ections of the T’ curves #or t~e t&ee and ‘~
crystalline phases, a, ~, and ~, and the T -versus composition curve. The
T’ cu~es are the temperature-composition !ocua for the formation of a given
volume fraction of crystallized material by partitionless crystallization
during the cooling of the ❑elt at a constant rate. Partitionlesa
crystallization during the RS of melt is thermodynamically driven by the
difference between the free energies of the undcrcooled liquid and
crystalline phases. Because crystallization must overcome a nucleat on
barrier, for a finite cooling rate we ❑ust have X2’ < Xoa, xc’ 1

> X07 ‘
‘c “<xor, andx3’>x

1
0/3“ Notice that the compositions X2’ and X3 lie

outside he corresponding To-points for the terminal solid solutions, Xh
and XO ,

f
while the extreme compositions of the amorphous phase formed by the

SSAR, z and X3, lie insh.ie the To-points. Furthermore, with increasing
cooling ratea the amorphous composition ranges (x2’ ,xc’) and (XC”,X3’)
become wider and the gap (xc’,xC”) may eventually close, In contrast to the
results for the RS method, the amorphous-phase homogeneity range for the
SSAR method, (x2,x ),

2
is certainly independent of kinetics (provided the

react[on is carrie on to completion) and has a weak dependence on Tr
(Zdltzer and Bormann, 1987).

AMORPHOUS ALIAY POWDERS PREPARED BY MECHANICAL ALI.QYING

Amorphous metallic alloys in powder form can be produced by ❑echanical
alloying (MA) (White 1979; Koch et al. 1983; Schwarz et al , 1985; Hellstern
and Schultz, 1986). HA is a high-energy ball milling process that was
developed ior synthesizing dispersion-strengthened alloy powders (Benjamin
and Volin, 1974; Benjamin, 1976), For the synthesio af atmorphouaalloy
powders by f4A,elemental cryst~lline powders are placed into a sealed,
hardened-steel or tungsten carbide container together with bnlls of the snmc
material, The atrollgagitation of the balls in the container r~peateclly
deforms, brenks, anticold welds the powder parricles trapped betkeen
coliiding halls,

To tint.e,the majority of the amorphous powders rhnt have been prepared hy MA
ar~ binary alloys of the early-tran~ltlon metals t!tanlurn and z[rconl[lmarl~l
various 3-d late-transition metnls: T1-(Fin,F@, Co, Nl, Cu) and Zr-(Mn, Fv,
Co, Ni, Cu). Other systems in which amorphoua alloy powdrr was prt=pnred I)v

MA include T1-Pd, Nb-Ni, Hf-Al, Sn.Nl and T1-Pd-CU. Amorphms powders
crmtnlnfng metalloids, such ns Fee n~().

?
hnvc bwn found more dlfffcult to

prepare by HA. For the metal-mt=tn sy~tems, the powder morphnlo~y chatl~px
ch~rwlerlsllrally with increasing MA tlmr, After n short IIV,tlm~, mnst of

the powder irltho contnlner adhero~ to tho bn]ls md to the ,nntnlrwd Wnll!;t
glvlnp, them nnd ormg~-ptvl rnppearanr~. For n rtrlxttlreof rilckel JInd
Illmnltlm powdor~ m~t-hanirmlly nlloyod for O.’)h, It)efrop pnrt 1(’IvNl~nvv 11111



flake morphology shown in Fig. 5 (Petrich, 1986). Figure 6 shcws a SEM
micrograph of the cross section of a flake-shape particle. The alternating
dark and light bands correspond to nickel and titanium, respectively. We
believe that the adherence of the powder to the walls of the container and
to the balls, as well as the formation of a layered structure, is a
consequence of the the large chemical affinity of titanium to nickel and
iron. This affinity increases the probability the during the initial
collisions the titanium particles will cold weld to the two late-transition
metals. Following the coating of the balls and walls with titanium, there
is a tendency for the next layer to be of nickel, and so on. The repeated
collisions deforms the coatings and creates the layer structure, With
increasing MA time, the average thickness of the layers decreases (Benjamin,
1976) .

Once most of the alloy is amorphous, there is less tendency for the powder
particles to stick to each other or to the balls and container walls. After
a few hours of MA, the coatings on the balls and container walls break off
and form a powder of spherical particles, as shown in Fig. 7, The cross-
sectional SEM in Fig, 8 shows that the particles are now a single phase and
x-ray diffraction reveals that this phase IS amorphous. H. Kimura, M.
Kimura and F. Takada (1988) used a high-energy rotating-arm attritor to
mechanically alloy a mixture of cobalt and zirconium powders. The apparatus
allowed the authors to monitor the temperature of the container and the
torque applied to the rotating arm of the attritor. A plot of the torque
versus MA time shows a sharp maximum after about 0.5 h of MA which the
authors attribute to the ending of the SSAR at the Co-Zr interfaces. After
4 h of MA, there is an abrupt drop in both the torque and temperature which
the authors attribute to the ending of the amorphization process and to an
abrupt decrease in the average particle diameter. The signatures in the
torque and temperature traces should correspond to the morphology changes
shown in Figs, 5-6 but, unfortunately, the reported characteristic times
cannot be compared with our measurements obtained using a different
attritor.

Figure 9 shows x-ray diffraction patterns for a MA mixture of nickel and
titanium powders in molar ratio 1:2 taken after the MA times indicated in
the figure (Schwarz, Petrich and Saw, 1985), With increasing MA time, the
integrated intensity of the Bragg peaks for the starting pure metals
decreases and is replaced by the broad diffraction bands characteristic of
the amorphous alloy phase.

As for the case of amorphous thin films prepared by SSARS, the reaction
products from MA powder mixtures of an early- and a Iate-transition metal
have been found in good agreement with the predictions from free-energy
diagrams evaluated for the average ball-m;lling temperature. (See, for
example, Fig. 1 in Schwarz, Petrich and Saw, 1985), This agreement has been
considered supporting evidetice to the claim that the nmorphizatlon process
dur!ng MA involves a solid-state reaction s?milar to that observed in the
thin film experiments, (Schwarz ~t al., 1985; Hellst@rn and Schultz, 1986).
Tl:echemical diffusion necessary for the SSAR at the metul-n,etal lnterfnces
(see Fig, 6) 1s most likely assisted by the excess point and lnttlce defects
generated by the severe p!astir deformation of the pa. :lcles and by th(}

momentary ternpernture increase in the powfier I>artlcles trnpped t)etwerr]

Collidlllg balls, Although there nre no dircl’ mensurernents of this
temperature fnrrefise, cnlculatfons (Schwarz, Petrich and !inw, lr)~c,;S(’tlw;irz

mId Koch, 1985) suggest t)lnt the temperature {ncrf’a sic Is n( most Ji ff~w

h(tndred Kolvlt), Theso calru]nt Inn rul(~ (,ut the possfhiltty tt)Jt tl}r

nm”)rpl~o~ls{IIIoy res~ll~s from tl~ernpld M 1idfficatIon of molt pools fonmt(l



by the hete]-o~eneous deposition of mechanical energy in the particles
trapped between colliding balls.

For some binary alloy systems the GFR has been measured for both the RS and
the MA synthesis methods. Fig, 19 (from Hellstern, Schultz and Eckert,
1988) shows the homogeneity ranges of amorphous alloys of zirconium and
three late-trans~tion metals prepared by RS and by MA. Although the
equilibrium-phase diagrams of these alloys differs significantly from that
in Fig. 4a, the measured GFRs show many of the features pxedicted by the
simple free energy diagram in Fig. 4b. In the nctaticn of Fig. 4b, Fig. 10
shows that for the three alloys X2’ < x2 and X3’ > X3, as predicted by Fig.
4b . In addition, the homogeneity range of the amorphous phase obtained by
MA is continuous while ti~atfor the RS method is fragmented into zirconium-
rich and zirconium-poor regimes.

Alt!,ough the synthesis of amorphous powders by MA has been applied to a
large variety cf metal systems, less progress has been made in the
consolidation of these powders into bulk amorphous products. Static
techniques such as hot isostatic pressing are of limited value because it is
difficult to hold the powder for long periods of time ac a temperature close
to T (in order to decrease the viscosity) while preventing its

Ecrys allization. Dynamic techniques such as shock-wave consolida~ion, which
has been successfully applied to metastable crystalline alloy powders
(Kasiraj and co-workers, 1984), is much more difficult to apply to amorpt.ous
powders because the amorphous compacts fracture easily during pressure
release, Recently, Shingu (1988) has applied the strained-powder rolling
method to obtain 100% dense amorphous Fe78B13Si9 alloys. In this method the
amorphous mechanically alloy-d powder is nlaced inside a stainless-steel
tube. Its ends are sealed and tne cube is dipped intn a molten salt bath
kept at a temperature a few tens of Kelvin below Tx. After a shcrt
annealing time, the tube is removed from the bath and it is relled hot.
Densification and cotlsolidation occurs because at temperatures close to Tx
the amorphous alloy has a reduced viscosity,

ISOTHERMAL SYNTHESIS METHODS THAT DO NOT INVOLVE INTERDIFFUSION

The synthesis of amorphr.~,salloys by SSAR and MA, discussed above, involves
a chemical reaction and m~lss transport. The reaction occurs in response to
a lowering of free energy in the system and involves the long-range
diffusion of one of the species in the other and in the amorphous alloy
phase previously formed. Several synthesis methods for amorphous alloys

have been developed that are based on isothermal solid state transformations
which do not involve composition changes, These methods include (a) the

mechanical grinding of crystalline intermetallics, (b) massive
transformations from a metastable crystalline phase to the amorphous phase
(Von Allmen and Blatter, 1987), and (c) amorphization by irradiation with
energetic particles such as electrons, neutrons, and ions. In the following

we comment on method (a).

Yermakov, Yurchikov, and Barinov (1981, 1982) reported the formation of
amorphous alloy powders of yttrium and cobalt by the mechanical grinding of
crystalline intermetalltcs of these elements, The authot.s attributed th~

amorphlzation to the formation of melt near the particle surfaces, followed
by the rapid solidification of thfs melt by heat conduction into the cooler

regions of the particles. Schwarz and Koch (1985) showed thqt amorphous
powders of N!.1.1T!b7and Nl~4,,Nb55 c’anbe prepared by MA st.~rting from a



mixture of elemental powders or by mechanically grinding (MG) crystalline
powder of the intermetallics NiTi2 and NiNb, respectively. Contrary to the

previous work, these authors attributed the formation of the amorphous alloy
by MG to the raising of the free energy of the intermetallic powder as a
result of the accumulation of point and lattice defects and to the
generation of chemical disorder.

Because in many allc.y systems the amorphous powder can be produced by either
MA or MG (Lee, Jang, and Koch, 1988), it is logical to ask whether during
the MA of a mixture of powders of metals A and B, the amorphous .Illoy (AB)am
forms by the direct reaction A + B + (AB)am or through the indirect reaction
A + B + (AB) + (AB)am, which involves the intermediate crystalline phase

(.4B) . Thec~iterature has examples of both reactions. For example, in the
MA o~rnickel and titanium powders to form amorphous Nil-xTix with
(0.3 < x < 0.7), Schwarz, Petrich and Saw (1985) found no evidence of the
formation of intermetallic compounds at any stage of MA. On the other hand,
Kim and Koch (19xxx) reported that during the MA of niobium and tin powders
in molar ratio 3:1, a Nb3Sn intermetallic (A15 structure) forms first which,
with continued ball milling, transforms to an amorphous Nb75Sn25 alloy. An
indirect amorphization reaction was also observed by Tiainen and Schwarz
(1988) during the bail milling of nickel and tin, which we will discuss in
more detail. In the composition range studied (0.2 to 0.4 molar percent
tin), after 2 h of MA the powder was a mixture of crystalline a-nickel and
Ni3Sn2. With increasing MA time, one of the crystalline phases was
progressively consumed with the concurrent formation of amorphous Ni75Sn25.
Which of the two crystalline phases was consumed depended on the average
alloy compos~.tion: for Nil-xS~ with x < 0,?5, the crystalline Ni3Sn2
disappeared with increasing MA as it was replaced by amorphous Ni75Sn25.
For x > 0.25, a-Ni was consumed as the amorphous Ni75Sn25 formed. For an
initial mixture of nickel and tin powders with average composition Ni75Sn25,
both crystalline compounds were consumed simultaneously during MA leading to
the formation of amorphous Ni75Sn25. The authors notice that the sub-
structure of tin in Ni3Sn2 can be derived from a diffusionless
transformation applied to the lattice of pure tin (see Fig. 8 in Tiainen and
Schwarz, 1988), and thus the nickel-tin system violates the third condition
for the synthesis of amorphous alloys by SSAR, discussed earlier. The
authors propose that the easy formation of Ni3Sn2z during the early stages
of MA results from the diffusion of nickel into pure tin, without the need
for the long-range diffusion of tin, i.e., by the same mechanism that
operates during SSARS.
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Evolution of the solid-state amorphization reaction at the
interfaces of a multilayer system of crystalline films of pure A
and B (a), annealed at temperature Tr for time tr (b). Tx is the
crystallization temperature of the amorphous alloy, Th letters a,
b, and c, correspond to those in Fig. 2.

Resistance of a multilayer system of Ni and Zr thin films during
the continuous heating and cooling at 1.0K/rein. The thermal cycle
has been repeated twice. Duri~g the second cycle the resistance
follows the line f-g traced during the cooling part of the first
cycle. The letters a, b, and c correspond to those in Fig. 2,

X-ray scattering intensity as a function of scattering angle for
Au-La multilayers. Curves (a), (b), and (c) are for annealrd
samples with compositions Au-rich, equi-atomic, and La-rich,
respectively. Curve (d) is for an ‘~nreacted (as deposited)
multi’..’yerwith composition similar to that of curve (b),

Schematic phase diagram (a) for a binary system, AB, with a



Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

negative heat of mixing in the liquid state, and corresponding
free-energy diagram at the temperature Tr (b). T1’.ebars at the
bottom of the figure give the GFR predicted for the MA and the SSAR
synthesis methods.

Scanning electron micrograph of Ni and Ti powder after 0.5 h of MA.

Scanning electron micrograph of che cross section of a flake-shaped
particle shown in Fig. 5.

Scanning electron microg ph of Ni and Ti powder aft~r 25 h of MA.

Scanning electron micrograph of the cross section of the amorphous
particles shown in Fig. 7.

X-ray diffraction intensity as a fu~lctio:lof wavenumber K for a
mixture of Ni and Ti powders mechanically alloyed for 2, 5, and 25
h.

Fig. 10, Comparison of the glass-forming ranges of rapidly solidified and
mechanically alloyed Ni-Zr, Co-Zr, and Fe-Zr (from Hellstern,
Schllltz and Eckert, 1988).
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